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Abstract— Majority of today’s fixed-pitch, electric-power
quadrotors have short flight endurance (< 1 hour) which greatly
limits their applications. This paper presents a design method-
ology for the construction of a long-endurance quadrotor using
variable-pitch rotors and a gasoline-engine. The methodology
consists of three aspects. Firstly, the rotor blades and gasoline
engine are selected as a pair, so that sufficient lift can be
comfortably provided by the engine. Secondly, drivetrain and
airframe are designed. Major challenges include airframe vi-
bration minimization and power transmission from one engine
to four rotors while keeping alternate rotors contra-rotating.
Lastly, a PD controller is tuned to facilitate preliminary flight
tests. The methodology has been verified by the construction
and successful flight of our gasoline quadrotor prototype, which
is designed to have a flight time of 2 to 3 hours and a maximum
take-off weight of 10 kg.
I. INTRODUCTION
Primarily due to their mechanical simplicity, quadrotor
unmanned aerial vehicles (UAVs) have become a popular
platform for research and civilian activities in recent years.
Various research groups have used quadrotor UAVs to imple-
ment algorithms in many research areas, such as vision/laser
based navigation and simultaneous localization and mapping
(SLAM). On the other hand, quadrotors carrying digital
cameras are also widely used in aerial photography, power
line inspection and many other situations.
Quadrotors today are almost exclusively battery-powered,
and consist of four electric motors, each of which directly
drives a fixed-pitch propeller. Accordingly, the motion of the
quadrotor is controlled by differential motor speed. While
this simple configuration is the reason behind quadrotors
mechanical simplicity, it is also the reason for one of quadro-
tors major drawbacks: limited flight endurance. According to
technical specifications provided by major quadrotor manu-
facturers, flight endurance of most quadrotors today ranges
from 20 minutes to an hour, which greatly limits their
practical applications.
It is possible, however, to increase the flight endurance
of quadrotors to a few hours by using a gasoline engine,
and employing an appropriate drivetrain to transmit power
from the engine to the rotors. However, control actions can
no longer be generated by differential rotor speed because
all rotors, which are mechanically linked by the drivetrain,
rotate at the same speed. In order to generate the necessary
control actions, variable-pitch propellers have to be used,
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Fig. 1: Completed gasoline quadrotor prototype
which provide varying torque and lift by changing the pitch
angle of rotor blades. In addition, variable-pitch propellers
also have the advantage of better agility and higher control
bandwidth [1]. Although mechanical complexity is ramped
up by the drivetrain and variable-pitch mechanism, gas-
engine-powered quadrotors are an interesting and attractive
alternative to battery-powered quadrotors, due to the potential
of increased flight endurance and enhanced agility.
Variable-pitch, gasoline-engine quadrotor prototypes have
been built by a few groups of hobbyists. Although some of
them are known to be able to fly, none has demonstrated
the reliability necessary for long-endurance flight [2][3][4].
On the other hand, the idea of variable-pitch quadrotors
has been explored by a handful of researchers to improve
quadrotors’ agility, but their prototypes are too small to carry
a gasoline engine [5][6]. Moreover, issues vital to gasoline
engine quadcopters, such as drivetrain and airframe design,
have not been addressed in design methodologies of their
smaller electric counterpart, whose main focuses are usually
aerodynamics, dynamic modeling and control strategy [7][8].
In this paper, we propose a methodology to design and
build variable-pitch gasoline-engine quadrotors, with the
intention to increase quadrotors’ flight endurance. Using our
quadrotor prototypes as examples, the methodology aims to
highlight essential design considerations as well as address
issues overlooked in conventional quadrotor design. Section
II gives an overview of the methodology and our prototypes.
Section III explains how requirements on lift, power and
flight time can be achieved by the selection of rotor blades
and engine. Section IV introduces how to construct the driv-
etrain by creatively using mechanical components, and how
to minimize airframe vibration by analysis and experiments.
Section V describes flight control of our gasoline quadrotor
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prototypes. Section VI shows flight test results and Section
VII discusses conclusions and future works.
II. DESIGN OVERVIEW
Our gasoline quadrotor (Figure 1) resembles conventional
X-shape quadrotors. The rotors are located at the tips of
the “X” with the engine, avionics, batteries, fuel tank and
additional sensors stacked at the center.
Fig. 2: Gasoline quadrotor dimensions (mm)
The first step in the design of the gas-engine quadrotor
was to determine the size of the rotors and the engine, which
determined its size and weight. The drivetrain and airframe
were then designed accordingly. Finally, the quadrotor was
wired up to a commercial autopilot named Pixhawk. A PD
controller was used for attitude control, whose gains can be
tuned during flight tests.
It is well known that compared with electric motors,
gasoline engines require a more complicated drivetrain and
induce more vibration to the airframe. Therefore, a proof-
of-concept prototype powered by an electric motor was first
built to verify key aspects of the design methodology before
tackling the additional complication of gasoline engines.
After the electric prototype proved to be successful, we
proceeded with the conversion from electricity to gasoline,
which mainly involved the addition of a clutch mechanism
and reinforcement of the airframe. A schematic diagram of
this design and testing process is shown in Figure 3.
Fig. 3: Design flowchart
Powered by a 1.8 kW engine, the gasoline quadrotor has
a maximum thrust of 16 kg, a maximum take-off weight of
10kg and an empty weight of 6.5 kg. Dimensions of the
gasoline prototype is shown in Figure 2. Having the same
propulsion capacity and dimensions as the gasoline quadro-
tor, the electric prototype uses a motor with a maximum
output of 2 kW powered by 22.2 V 6s Li-po batteries.
III. SELECTION OF ROTOR AND ENGINE
As customization of rotor blade and engine can be com-
plicated and time-consuming [8][9], off-the-shelf hobby he-
licopter components are used for the implementation of our
prototypes. A survey of hobby gas engines and rotor blades
reveals that the Zenoah gas engine series with an output
from 1.5 to 2.5 kW is mature, reliable and widely used for
small-scale gasoline helicopters. On the other hand, hobby
helicopter main rotor blades whose diameters range from 0.3
to 1.8 m can serve as the blades for our gasoline quadrotor.
The final rotor and engine combination depends on how
much power is consumed by a rotor of a certian size, which
can be estimated using momentum theory and blade element
theory. For a single rotor, momentum theory estimates the
minimum power required to generate a certain lift N , which
is given by
P =
N
3
2√
2ρA
(1)
where P is the total power, N is the total lift, ρ is the density
of air and A is the rotor area [10]. If we consider a multirotor
generating a total lift N with n rotors, each having a disk
area Am, the total power consumed by the multirotor is given
by
Pm = n
(
N
n
) 3
2
√
2ρAm
=
N
3
2√
2ρ(nAm)
(2)
It can be seen that for a given lift, the total power
consumed by a multirotor is inversely proportional to the
square root of the total rotor area, nAm. The conclusion
given by momentum theory, therefore, is that power per unit
lift can be minimized by maximizing total rotor area.
The relationship between lift, power and the pitch angle of
the rotor can be further deduced from blade element theory.
The lift and power coefficients are defined respectively as
CT = T/ρA(ΩR)
2 (3)
CP = P/ρA(ΩR)
3 (4)
where Ω and R are the angular velocity and radius of the
rotor respectively, and A is the rotor disk area [10].
It can be shown that
CT =
σa
2
(
θ
3
− λ
2
)
(5)
λ =
σa
16
[√
1 +
64
σa
θ − 1
]
(6)
where λ is called the inflow ratio, σ is the rotor solidity ratio
defined as the ratio of the rotor surface area over the rotor
disk area, Cl = aα where Cl is the sectional lift coefficient
and α is the angle of attack [10].
The power coefficient CP is given by
CP = CPi + CPo (7)
CPi = κ
CT
3
2√
2
(8)
CPo =
σ
8
(
β0 + β1α+ β2α
2
)
(9)
where CPi stands for induced power (to generate lift) with
κ being the empirical induced power correction factor, and
CPo for profile power (to counter drag) with β1, β2 and β3
being empirical coefficients [10]. Values of the aerodynamic
constants are shown in Table I.
TABLE I: Aerodynamic constants
a κ β0 β1 β2 ρ
5.7 1.60 0.0130 -0.0216 0.400 1.18kg/m3
Lift, drag and power consumption for rotor blades of
different sizes can thus be calculated using equation 3 to 9.
After examining several hobby rotor blades, it has been found
that the 800 mm diameter rotor blades used for 450 class
hobby helicopters generate sufficient lift while consuming
a reasonable amount of power. 800 mm is also the largest
rotor diameter the airframe can accommodate given other
design constraints. Using the aforementioned equations, the
relationship between pitch angle and lift, power and torque at
2500 revolution per minute (RPM), the operating RPM rec-
ommended by blade manufacturer, is calculated and shown
in Figure 5a and 5b.
Fig. 4: Single rotor lift and torque test stand
The results from theoretical calculations were further
corroborated by experiments. A test stand consisting of a
load cell, an optical RPM sensor and the same variable-
pitch mechanism used on the gasoline quadrotor was built to
measure the thrust, torque and rotational speed of the rotor at
different pitch angles (Figure 4). As shown in Figure 5a and
5b, the measured torque and lift (shown as asterisks) agree
well with the theoretical results.
The maximum lift, maximum take-off weight and engine
horsepower can thus be determined using the results above.
The operating range of pitch angle for the 800mm rotor is
between ±14◦. As seen in Figure 5a, the lift generated by
one rotor is 39 N, or 4.0 kg when pitch angle is equal to 14◦,
giving a total maximum lift of 16 kg. Using a 50% control
margin, the maximum take-off weight of the quadrotor can
be as much as 10 kg. It is also observed in Figure 5b that
the total power and torque at maximum pitch are 1.3 kW
and 5.2 Nm respectively. Based on the power and torque
requirements, the Zenoah 270RC single cylinder gasoline
engine with a displacement of 25.4 cc is chosen. Detailed
torque and power curves of the engine can be found in [11].
With proper gearing, the engine is able to provide sufficient
power and torque for the gasoline power quadrotor.
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Fig. 5: Lift, Power and torque of 800 mm rotor at 2500 RPM
Flight endurance can also be estimated using Figure 5. It
is known that the empty weight of the gasoline quadrotor is
6.5 kg (Section II), and that fuel consumption for Zenoah
RC series engine is 554 g/kWh [11]. At maximum take-off
weight (10 kg), the pitch angle required to take off is 8◦
with the quadrotor consuming 1.0 kW in total. Assuming
that 2.5 L of gasoline is carried on-board and a transmission
efficiency of 80%, the flight time can be roughly estimated
as
2.5L× 770g/L
554g/kWh×(1kW/0.8) = 2.8 hours (10)
IV. DRIVETRAIN AND AIRFRAME DESIGN
A. Drivetrain
The drivetrain is responsible for transmitting power from
the engine to the rotors. In our design, the drivetrain can be
divided into two subsystems. One is the central drivetrain, a
combination of gears and belts that converts the rotation of
the engine to four rotational outputs with alternate outputs
rotating in opposite directions (arrows in Figure 6). The
other, referred to as the peripheral drivetrain, consists of
a shaft (known as torque tubes in hobby terminology) and
bevel gears which transmits power from the central drivetrain
to the rotors. The peripheral drivetrain utilizes the same
transmission mechanism as hobby helicopter tail rotors. The
drivetrain design had gone through iterations of modification
and tests before the finalized version was adopted for our
prototypes.
Fig. 6: The entire drivetrain, red arrow indicates counter-
clockwise rotation and blue clockwise rotation
A detailed diagram of the central drivetrain is shown in
Figure 7. To make alternate rotors contra-rotating, the central
drivetrain employs two decks of identical belt transmission
systems with the bottom deck driving rotors in the clockwise
direction, and the top deck the counter-clockwise direction.
The top deck’s driving pulley drives two driven pulleys,
which in turn drives the torque tubes via a pair of bevel
gears. The torque tubes driven by the upper deck ultimately
spin the counter-clockwise rotors. On the other hand, the
occluded bottom deck is identical to the top deck but turned
upside down to reverse its output direction. Both decks are
driven by a shaft connected to the main gear, which is driven
by the pinion gear connected to the engine.
It should be noted that other drivetrain designs are also
possible, some of which have already been implemented
Fig. 7: The central drivetrain
by hobbyists [2][3]. Our drivetrain design may not be as
good as existing ones in some aspects. For instance, our
drivetrain is heavier and more complex than the bevel-
gear-based drivetrain used in [2]. Nevertheless, our design
featuring a combination of belts and gears has several
unique advantages. First, belts allow greater freedom to place
components, are less noisy and do not require lubrication. In
addition, the belt-based central drivetrain can be conveniently
scaled-up to hex or even octrotor by rerouting the belts,
which is not as easy for other known drivetrains.
B. Airframe
Vibration of airframe becomes an prominent issue for
quadrotors of our size (Figure 2). A simple way to reduce
vibration would be to strengthen the conventional X-shape
quadrotor frame with stronger structural members. However,
due to the availability of and compatibility between compo-
nents, our prototype’s airframe has to be made of slender and
long structural members. Moreover, imprudent use of heavy
structural members imposes a penalty on the quadrotor’s
payload capacity. As a result, the airframe has to be carefully
designed and analyzed to minimize vibration and weight.
It is known that the greatest contributor to helicopter
vibration is the n-per-revolution vibration of the main rotor,
where n is the number of blades of a single rotor. In our
case, this vibration frequency can be calculated as
2500 RPM/60× 2 = 83.3 Hz (11)
Our airframe design is shown in Figure 8. Both vertical
and horizontal braces are added to the conventional X-frame
to form a truss structure. The vertical braces are intended to
improve the booms’ rigidity under vertical bending, and the
horizontal braces are meant to reduce the booms’ horizontal
wagging.
Without the horizontal braces, each boom combined with
its vertical brace is independent from the other booms and
hence can be analyzed alone. Finite element analysis (FEA)
reveals that each boom-brace combination’s first resonance
mode occurs at 45.3 Hz in the horizontal direction, which is
dangerous because it is below the n-per-revolution frequency
of the rotors. The addition of horizontal braces may at first
seem unhelpful because the first resonance mode of the entire
frame still occurs at 42.3 Hz, also in the horizontal direction.
However, this resonance mode will never be activated in the
context of quadrotors. This is because the resonance mode
requires excitations from all rotors to have the same phase
to become active (lower left corner of Figure 8), whereas
alternate rotors of quadrotors are contra-rotating, giving out-
of-phase excitations that cancel each other.
Fig. 8: Second version airframe, lower left corner shows the
top view of its first resonance mode
The aforementioned conclusions drawn by FEA were
also verified experimentally. Before installing the horizontal
braces, severe horizontal wagging movement of the booms
were observed when the quadrotor was on the ground while
the engine was accelerating to its operating speed. In con-
trast, the wagging movement disappeared after the addition
of horizontal braces.
V. FLIGHT CONTROL
A. Control Structure
Control of the gasoline quadrotor consists of two indepen-
dent loops. First, attitude stabilization and tracking is realized
using a simple PD controller. Second, rotational speed of the
rotors is kept constant in a separate loop. The overall control
structure is shown in Figure 9.
A PD controller is chosen for the following reasons.
Firstly, only manual control is needed to verify design
concepts at the current stage of development. Secondly, the
flight envelope is mostly conservative, with the quadrotor
flying in hover or near-hover conditions. Lastly, variable-
pitch quadrotors’ linear relationship between pitch angle and
rotor lift/torque resembles conventional quadrotors’ quadratic
relationship between motor RPM and rotor lift/torque. There-
fore, variable-pitch quadrotors can be controlled in a way
similar to conventional quadrotors.
For simplicity, it is assumed that the roll, pitch and yaw
channels are decoupled second-order systems, which is valid
given our operating conditions. The PD gains are calculated
using a damping ratio of 0.8 and a natural frequency of 7
rad/s (1.11 Hz). The gains implemented on the quadrotor are
summarized in Table II.
TABLE II: PD controller gains
Channel Moment of Inertia (kgm2) Kp Kd
Roll 0.43 21.1 4.8
Pitch 0.43 21.1 4.8
Yaw 0.67 32.8 7.5
B. Control Implementation
The PD controller for attitude control is implemented us-
ing the Pixhawk autopilot, which also offers more advanced
features that will become useful for future development,
such as GPS-aided position control. In addition, Pixhawks
firmware is open source, allowing the implementation of
different control techniques when necessary [12].
Rotor speed is controlled by an engine governor, a com-
mon hobbyist device to control the rotational speed of motors
or engines. Based on throttle input, the governor generates a
user-defined rotor speed reference which is set as a constant
value for our quadrotor prototypes.
Fig. 9: Control structure and implementation
VI. FLIGHT TESTS
As mentioned in Section II, the first set of tests was
conducted on the electric prototype to verify key aspects of
the design methodology. The electric prototype successfully
took off in its maiden flight. The take-off weight was 6.3 kg
including 2 kg of battery. The quadrotor took off at a pitch
angle of 6◦ at 2500 RPM, which is in accordance with the
lift calculation in Figure 5a.
Reliability of the entire electric prototype, especially the
drivetrain and airframe, has also been tested by running the
quadrotor at the hovering pitch angle and at 2500 RPM for
an extended period of time. To prevent unexpected accidents
from damaging the prototypes, the test was conducted on the
ground by strapping additional ballast to the quadrotor frame
to prevent it from taking off. The entire system turned out
to be reliable enough to survive several hours of testing.
Fig. 10: Gasoline quadrotor in flight
The gasoline prototype has also successfully taken off and
hovered for a few minutes with manual control (Figure 10).
The roll, pitch and yaw angles were able to follow the refer-
ence input provided by the human pilot, as shown in Figure
11. However, the designed endurance was not experimentally
verified due to various problems manifested during the test.
For instance, the operating RPM was lowered during the test
because vibration was still too severe. Additional tests and
improvements are necessary to achieve long-endurance flight.
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Fig. 11: Flight data samples of gasoline engine quadrotor
VII. CONCLUSION AND FUTURE WORK
Illustrated by our prototypes, a methodology to design
and construct variable-pitch long-endurance gasoline-engine
quadrotors has been presented. The methodology is com-
prised of three steps. Firstly, rotor and engine sizes are
determined using experimentally-validated results from aero-
dynamics. The second step is to design and build a reliable
drivetrain and airframe. A drivetrain with alternate rotors
contra-rotating was creatively realized using a combination
of timing belts and gears. On the other hand, vibration
turned out to be a prominent concern in airframe design,
but can be mitigated with the help of FEA. Lastly, attitude
and rotor speed control are implemented respectively using
Pixhawk autopilot and engine governor. The methodology
was first verified by the successful flight of the proof-of-
concept electric quadrotor prototype. The gasoline prototype
has also been designed, built and flown with manual control.
The prototypes have a designed maximum thrust of 16 kg
and a maximum take-off weight of 10 kg. Expected flight
endurance of the gasoline prototype is 2.8 hours.
We will continue to test and improve the gasoline proto-
type to achieve its designed flight endurance. The drivetrain
and airframe will also be further optimized to make the
quadrotor lighter, more efficient and more reliable. More
advanced control techniques could also be implemented to
fully utilize the variable-pitch rotors. Moreover, once the
2.8 hour flight endurance is proven, it will greatly expand
quadrotors’ applications and open up new problems and
challenges.
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